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Edited by Julian SchroederAbstract The receptor components of the chloroplast protein
import machinery, Toc34 and Toc159, are both encoded by small
gene families in Arabidopsis thaliana. Recent results suggest that
each member of these families preferentially interacts with diﬀer-
ent groups of precursor proteins. Here we address the question,
whether multiple homologous Toc receptors are unique to Ara-
bidopsis or whether they are a general phenomenon in plants. In-
deed, in spinach we could identify at least two Toc34 proteins
with diﬀerent substrate speciﬁcities as demonstrated by competi-
tion and antibody inhibition experiments. In addition, an analysis
of the available genomic data revealed the presence of at least
two Toc34 homologs in six other plant species.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Most chloroplast proteins are encoded in the nucleus, syn-
thesized in the cytosol as precursors with N-terminal transit
peptides and posttranslationally imported into the organelle
[1]. The import is mediated by two translocation machineries,
the Toc- (translocon at the outer envelope membrane of chlo-
roplasts) and Tic-complexes (translocon at the inner envelope
membrane of chloroplasts) [2]. It essentially proceeds in three
steps: (i) binding of the precursor protein to a receptor at the
chloroplast surface, (ii) GTP-dependent partial translocation
across the outer membrane, and (iii) complete translocation
across both envelope membranes driven by ATP hydrolysis
[3]. The Toc-complex which was ﬁrst isolated from pea chloro-
plasts [4] contains two receptor proteins, Toc34 and Toc159,
which are responsible for the initial binding of precursor pro-
teins at the chloroplast surface. Both receptors are anchored
with their C-terminal domains in the outer chloroplast enve-Abbreviations: Toc/Tic, translocon at the outer/inner envelope mem-
brane of chloroplasts; pSSU, precursor of the small subunit of ribulose
1,5-bisphosphate carboxylase oxygenase; mSSU, mature form of SSU;
pFd, precursor of ferredoxin; p37kD, precursor of the inner envelope
37 kDa polypeptide; EGFP, enhanced green ﬂuorescent protein
*Corresponding author. Fax: +49 345 5527095.
E-mail address: gutensohn@pﬂanzenphys.uni-halle.de
(M. Gutensohn).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2004.12.096lope and have been shown to bind precursor proteins via
hydrophilic domains exposed at the organelle surface. Both
receptors are able to bind and hydrolyse GTP [5,6], thereby
regulating their interaction with precursor proteins [7,8].
In the genome of Arabidopsis thaliana four homologous
genes for Toc159 (atToc159, atToc132, atToc120, and
atToc90) [9,10] as well as two homologous genes for Toc34
(atToc33 and atToc34) [11–13] have been identiﬁed. Such gene
duplications are commonly found in the Arabidopsis genome
and the corresponding proteins are in many cases redundant
in function [14]. However, this is apparently not true for the
Toc receptors, because recent results from in vivo as well as
in vitro studies could prove that the various members of the
two Toc receptor families in Arabidopsis preferentially recog-
nize diﬀerent subsets of precursor proteins [9,13,15–19]. In case
of the Toc159 family, atToc159 preferentially interacts with
precursor proteins of the photosynthetic apparatus [9,15],
whereas atToc132 showed high aﬃnity only for a nonphoto-
synthetic precursor protein [16]. Similar results are found also
for atToc33 and atToc34, which again show preferential bind-
ing of diﬀerent classes of precursor proteins [13,17–19].
In order to examine, whether the presence of multiple
homologous chloroplast protein import receptors showing dif-
ferent substrate speciﬁcity is unique to Arabidopsis or whether
it is a general feature of plants, we have performed diﬀerent in
vitro import studies using isolated chloroplasts from spinach.
In addition, a database search was performed to identify
Toc34 homologs from further plant species where genomic
data are available.2. Materials and methods
2.1. Puriﬁcation of polyclonal antisera
Polyclonal antisera against heterologously expressed atToc33 and
atToc34 protein [13] as well as enhanced green ﬂuorescent protein
(EGFP) were raised in rabbits by standard procedures [20]. Aﬃnity
puriﬁed antibodies were obtained from the sera with NHS-activated
HiTrap columns (Amersham Bioscience) to which the respective anti-
genes had been coupled [21]. Speciﬁcity of the puriﬁed antibodies was
tested by Western analyses.2.2. Protein binding and import assays
Intact chloroplasts were isolated and puriﬁed from spinach leaves as
described previously [22,23] and incubated with precursor proteins
(pSSU or p37kD) obtained by in vitro translation in rabbit reticulocyte
lysates (Promega) using [35S] methionine for labeling. Binding and im-
port assays were performed in 300 ll import buﬀer (250 mM sorbitol,
10 mM methionine, 25 mM potassium gluconate, 2 mM MgSO4,
50 mMHEPES–KOH, pH 8.0, and 0.2% BSA) containing chloroplastsblished by Elsevier B.V. All rights reserved.
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with 10 units apyrase and 5 lM carbonylcyanide m-chlorophenylhyd-
razone and were incubated at 4 C in the dark. Import assays were in-
stead supplemented with 2 mM ATP and were incubated at 25 C in
the light. All reactions were allowed to proceed for 20 min. Subse-
quently, envelope membranes which were isolated as described previ-
ously [24] or total chloroplasts were fractionated by SDS–PAGE and
analyzed with a phosphor imager using the ImageQuant software
package (Molecular Dynamics). In competition assays increasing
amounts of pSSU, mSSU, and pFd proteins obtained from overexpres-
sion in Escherchia coli [25,26] were added. All competitor proteins were
added from stocks in 8 M urea, keeping the ﬁnal urea concentration
constant in all assays. For antibody inhibition experiments, isolated
chloroplasts were preincubated with puriﬁed anti-atToc33, anti-
atToc34 or anti-EGFP antibodies in import buﬀer before addition of
the precursor proteins.
2.3. Western blot analysis
Proteins from either Arabidopsis or spinach leaves were extracted
with a buﬀer containing 50 mM Tris/HCl, pH 7.4, 100 mM NaCl,
5% (v/v) Triton X-100, 0.1 mM DTT, and 2 mM PMSF after grinding
the tissue under liquid N2. Proteins were separated by SDS–PAGE,
transfered to PVDF-membranes and probed by polyclonal antisera.
For development HRP-conjugated secondary antibodies and the
ECL-system were used. Signals were detected by exposure to X-ray
ﬁlms.
2.4. Database searches
The protein sequences of atToc33, atToc34, atToc159, and atToc132
were used to search for homologous sequences in GenBank as of Sep-
tember 2004 with the help of the BLASTP and TBLASTN programs
[27]. Subsequently, the Blast-2-Sequences tool [28] was applied to align
the identiﬁed homologs with the Arabidopsis Toc receptor proteins.3. Results
In order to clarify whether two Toc34 receptors with diﬀer-
ent speciﬁcities are also present in other plant species than Ara-
bidopsis, we decided to analyse isolated chloroplasts from
spinach, a model system which was already used for many
studies of chloroplast protein import. To see whether in prin-
ciple separate binding sites for diﬀerent precursor proteins ex-
ist at the surface of these chloroplasts we initially performed
competition experiments (Fig. 1). One of the proteins tested
for competition is pSSU, the precursor of the small subunit
of ribulose 1,5-bisphosphate carboxylase oxygenase, which
was shown to share a common binding site with a number of
other precursor proteins in earlier competition studies [29–
31]. As a second protein to be tested we have chosen p37kD,
the precursor of the 37 kDa polypeptide from the inner chloro-
plast envelope membrane [32], a S-adenosylmethionine-depen-
dent methyltransferase involved in the plastoquinone
biosynthesis [33,34]. Both in vitro synthesized precursor pro-
teins, pSSU and p37kD, were incubated with isolated spinach
chloroplasts in the presence of increasing amounts of heterol-
ogously expressed pSSU (Fig. 1A) or pFd, the precursor of fer-
redoxin (Fig. 1B), under conditions that allow binding of the
precursor proteins to the chloroplasts but no further transloca-
tion. Indeed, pSSU and pFd both competed for binding with
the radiolabeled pSSU as demonstrated by the decreasing
intensity of the band of precursor protein (Fig. 1A and B) as
well as by the quantiﬁcation (Fig. 1C and D). However, neither
pSSU nor pFd were able to inhibit binding of p37kD signiﬁ-
cantly, since in both cases even the highest competitor concen-
tration only caused an approximately 20% reduction of bound
p37kD (Fig. 1). This suggests that pSSU and pFd share a bind-ing site at the chloroplast surface while p37kD in contrast uses
a diﬀerent binding site. When similar experiments were per-
formed with increasing amounts of mSSU, the mature part
of the SSU protein, no inhibition of binding was observed
for pSSU as well as p37kD (Fig. 1A and C) indicating that
the eﬀects seen upon addition of pSSU and pFd are a speciﬁc
competition of precursor proteins for binding sites. Further
competition experiments with pSSU and p37kD were per-
formed under conditions that allow complete import of the
precursor proteins leading to the accumulation of the pro-
cessed mature form of the proteins in the chloroplasts.
Remarkably, the addition of increasing amounts of pSSU
and pFd caused a signiﬁcant decrease in the accumulation of
the mature form of both proteins, mSSU as well as m37kD
(Fig. 1), thereby indicating competition of all precursor pro-
teins during their complete translocation across both envelope
membranes. At the same time, however, the amount of bound
pSSU and p37kD precursor proteins increased, though to
diﬀerent extents, with increasing amounts of competitor pro-
tein (Fig. 1), clearly indicating that under these import
conditions precursor proteins compete for components of the
import machinery which are involved in later steps of protein
translocation.
Since spinach chloroplasts obviously have separate binding
sites for diﬀerent precursor proteins at their cytosolic surface,
we were interested to analyse whether two Toc34 receptor pro-
teins exist in spinach. The heterologously expressed cytosolic
domains of atToc33 and atToc34 from Arabidopsis [13] have
been used for production and puriﬁcation of antisera. When
tested for their speciﬁcity both antisera speciﬁcally recognized
their respective antigene, however, the anti-atToc34 antiserum
also showed some crossreactivity with the cytosolic domain of
atToc33 (Fig. 2A). This speciﬁcity was conﬁrmed when both
antisera were used to probe total protein extracts from Arabid-
opsis seedlings by Western analyses. While the anti-atToc33
antibodies speciﬁcally labeled only one band at approximately
33 kDa, two proteins were detected by the anti-atToc34 anti-
bodies as demonstrated by the strong signal at 34 kDa and a
weaker one at 33 kDa (Fig. 2B). The additional weak band
at 25 kDa detected by the anti-atToc34 antibodies presumably
represents a 25 kDa degradation product of Toc34 receptors
which has been described earlier from pea and Arabidopsis
[6,13]. Remarkably, similar results were obtained when the
anti-atToc33 and anti-atToc34 antisera were used to probe to-
tal protein extracts from young spinach leaves (Fig. 2C). Again
the anti-atTocc33 antibodies detected only one band at
33 kDa, while with the anti-atToc34 antibodies a strong band
was observed at 34 kDa and a weaker band at 33 kDa. An
additional rather faint band of approximately 36 kDa is de-
tected by the anti-atToc34 antibodies, however, it remains un-
solved whether this is a further Toc34 homolog or simply an
unspeciﬁc crossreaction. In contrast, the intensity as well as
the running behaviour of the 33 and 34 kDa bands detected
by the antibodies clearly indicate the presence of at least two
Toc34 receptor proteins with slightly diﬀerent molecular
weights in spinach.
In order to analyse whether these two Toc34 receptors in
spinach also have diﬀerent substrate speciﬁcities and whether
they correspond with the separate precursor binding sites that
were indicated by the competition experiments, the anti-
atToc33 and anti-atToc34 antibodies were used to inhibit
binding of radiolabeled precursor proteins to isolated spinach
Fig. 1. Competition of pSSU and p37kD binding to isolated spinach chloroplasts. (A) Competition of pSSU and p37kD binding and import by the
heterologously expressed precursor (pSSU) or mature protein (mSSU) of the RubisCO small subunit. (B) Competition of pSSU and p37kD binding
and import by the heterologously expressed pFd. The concentrations of added pSSU, mSSU and pFd are indicated. Binding of precursor and import
(accumulation of mature protein) was analysed by SDS–PAGE and phosphorimaging. (C) and (D) Quantiﬁcation of panels A and B, respectively.
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was severely reduced by the addition of increasing amounts of
anti-atToc33 antibodies (52% reduction at the highest anti-
body concentration) whereas the same amounts of anti-
atToc34 antibodies only had very little eﬀect on pSSU binding
(10% reduction) (Fig. 3A). In contrast, binding of p37kD was
strongly inhibited by anti-atToc34 antibodies (73% reduction),
while in case of this precursor anti-atToc33 antibodies had sig-
niﬁcantly less eﬀect (28% reduction) (Fig. 3B) indicating, how-ever, that p37kD also has a weak aﬃnity to the second
receptor protein which is recognized by the latter antibodies.
The strong inhibition of p37kD binding by the anti-atToc34
antibodies demonstrates that the inability of pSSU and pFd
to compete binding of p37kD (Fig. 1) is not due to an unspe-
ciﬁc association of this precursor protein with the chloroplast
surface. The observed results of the inhibition experiments are
speciﬁc eﬀects of the Toc antibodies since the addition of equal
amounts of puriﬁed antibodies that are directed against the
Fig. 2. Western blot analysis of Arabidopsis and spinach leaf extracts.
(A) Heterologously expressed atToc33DC-His6 and atToc34DC-His6
proteins, (B) total protein extracts from Arabidopsis leaves and (C)
total protein extracts from spinach leaves were separated by SDS–
PAGE, transfered to PVDF membranes and probed with puriﬁed anti-
atToc33 and anti-atToc34 antibodies.
Fig. 3. Inhibition of pSSU and p37kD binding to isolated spinach
chloroplasts by anti-atToc33 and anti-atToc34 antibodies. Isolated
chloroplasts were incubated with increasing amounts of puriﬁed anti-
atToc33 (diamonds), anti-atToc34 (squares) or anti-EGFP antibodies
(triangles) prior to the binding reaction with (A) pSSU and (B) p37kD.
Binding of precursor proteins was analysed by SDS–PAGE and
phosphorimaging. The quantiﬁcation of bound precursor from three
independent inhibition experiments is shown.
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p37kD to isolated chloroplasts (Fig. 3). Taken together these
observations in line with the earlier competition experiments
clearly indicate that also in spinach, like in Arabidopsis, two
or perhaps even more Toc34 protein import receptors with dif-
ferent substrate speciﬁcities are present.
In consequence one would expect that several members of the
Toc34 import receptor family are present also in other plant
species. To test this we have taken advantage of the ongoing ex-
pressed sequence tag and genome sequencing projects for vari-
ous plant species and performed a database search using the
sequences of the Arabidopsis atToc33 and atToc34 receptor
proteins to identify homologs in GenBank. Thereby we could
identify numerous Toc34 homologs from diﬀerent dicot and
monocot plants as well as from Picea engelmannii and Physc-
omitrella patens (Table 1). Indeed, we found two Toc34 homo-
logs each from rape seed, potato, tomato, poplar tree and
maize, and even three homologs in case of Physcomitrella.
However, the two Toc34 proteins in potato, tomato, poplar
tree, maize and even in rape seed are more identical to each
other (89%, 83%, 88%, 95%, and 71%, respectively) than
atToc33 and atToc34 from Arabidopsis which are in contrast
only 59% identical. Two of the Toc34 homologs present in
Physcomitrella, ppToc34-1 and ppToc34-3, are also highly
identical (80%) to each other but signiﬁcantly less identical
(50%) to the third homolog ppToc34-2 [36]. Furthermore, the
Toc34 homologs from Orychophragmus violaceus and Thel-
lungiella halophila, both belonging to the family of Brassicaceae
like Arabidopsis, show signiﬁcantly more identity to atToc33
than to atToc34 (Table 1). Likewise, one of the two Toc34homologs from rape seed, another Brassica, shows more iden-
tity to atToc33, while the second homolog has more identity
with atToc34 (Table 1). In contrast, the two and three Toc34
homologs from potato, tomato, poplar tree, maize, and Physc-
omitrella, respectively, as well as all of the other identiﬁed
Toc34 homologs have comparable identities to both Arabidop-
sis proteins (Table 1). Thus, since none of those Toc34 homo-
logs can be sorted into Toc33-like and Toc34-like subgroups
by sequence comparison, it remains unclear whether they also
represent import receptors with diﬀerent substrate speciﬁcities.4. Discussion
In A. thaliana two homologous genes for the chloroplast
protein import receptor Toc34 have been identiﬁed [11–13].
The Arabidopsis genome is known to contain a high percentage
of duplicated genes [14] which often encode functionally
redundant proteins. However, this seems not to be the case
for atToc33 and atToc34 since recent results from several stud-
ies demonstrated that the two import receptors preferentially
recognize diﬀerent subsets of precursor proteins [13,17–19].
While many of the gene families in Arabidopsis arose either
by small-scale duplications leading to genes arranged in tan-
dem or by duplication of larger regions of the genome [14],
Table 1
Toc34 homologs in diﬀerent plant species
Plant species Gene name Accession Number/Reference Amino acid identity (%) to
atToc33 atToc34
Arabidopsis thaliana atToc33 AJ010724/[13] – 59
atToc34 AJ132696/[13] 59 –
Rape seed (B. napus) bnToc33 AY332619 94 62
bnToc34 CD816293 71 92
Orychophragmus violaceus ovToc33 AF517947 94 60
Thellungiella halophila thToc33 BM985510 92 56
Potato (S. tuberosum) stToc34-1 BG351891 65 67
stToc34-2 BG351418 68 73
Tomato (L. esculentum) leToc34-1 BT014489 61 64
leToc34-2 BT013079 62 67
Poplar tree (P. tremula) ptToc34-1 CK110541 67 68
ptToc34-2 CF229155 68 65
Pea (P. sativum) psToc34 L36856/[5] 61 66
Z28341/[6]
Phaseolus coccineus pcToc34 CA907848 63 69
Lupinus albus laToc34 CA411193 61 65
Medicago truncatula mtToc34 BQ123270 60 67
Antirrhinum majus amToc34 AJ797008 64 65
Grape vine (V. vinifera) vvToc34 CF207125 65 74
Onion (A. cepa) acToc34 CF438891 65 71
Lettuce (L. sativa) lsToc34 BQ855745 59 65
Cotton (G. raimondii) grToc34 CO107770 72 68
Maize (Z. mays) zmToc34-1 AJ245968/[35] 56 63
zmToc34-2 AJ271049/[35] 57 63
Barley (H. vulgare) hvToc34 BG344084 58 64
Oat (A. sativa) asToc34 CN816152 57 61
Rice (O. sativa) osToc34 AK099032 59 63
Sorghum (S. bicolor) sbToc34 CN136679 60 69
Saccharum oﬃcinarum soToc34 CA285410 65 69
Picea engelmannii peToc34 CO212662 52 57
Physcomitrella patens ppToc34-1 AY496559/[36] 52 56
ppToc34-2 AY496560/[36] 41 43
ppToc34-3 AY496561/[36] 55 55
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mosome I and V, respectively, and are not located in one of the
large duplicated genome regions [14]. Thus, the presence of
two Toc34 homologs can not simply be explained by one of
the duplications that are speciﬁc for Arabidopsis. Instead,
two Toc34 subtypes showing diﬀerent substrate speciﬁcitiesmight have evolved earlier in evolution and therefore should
be present also in other plant species.
Indeed, we could show here that at least two Toc34 recep-
tor proteins are also present in spinach by using atToc33 and
atToc34 speciﬁc antibodies for Western analyses (Fig. 2) as
well as for inhibition experiments (Fig. 3). Furthermore, the
1348 A. Voigt et al. / FEBS Letters 579 (2005) 1343–1349observed inhibition of pSSU binding to isolated spinach chlo-
roplasts by anti-atToc33 antibodies and of p37kD binding by
anti-atToc34 antibodies (Fig. 3) demonstrated that the Toc34
receptor proteins in spinach have diﬀerent substrate speciﬁc-
ities as well. This was additionally conﬁrmed by our observa-
tion that binding of p37kD to isolated spinach chloroplasts
could not be competed by an excess of pSSU and pFd
(Fig. 1) suggesting that these precursors bind to diﬀerent
receptors. Remarkably, similar speciﬁcities were obtained
for the two Arabidopsis Toc34 homologs in in vitro interac-
tion studies showing a high aﬃnity of atToc33 for pSSU
and a high aﬃnity of atToc34 for p37kD [13, Voigt and
Gutensohn, unpublished data]. It should be mentioned, how-
ever, that binding of both precursor proteins, pSSU and
p37kD, to spinach chloroplasts was also inhibited, though
to a signiﬁcantly lesser extent, by the respective second anti-
body (Fig. 3). This suggests that each of the spinach Toc34
receptors also has a weak aﬃnity for the preferred substrates
of the other receptor. A similar situation was again found for
the two Arabidopsis receptor proteins, atToc33 and atToc34,
upon analysis of their aﬃnity towards diﬀerent precursor pro-
teins, demonstrating that substrate speciﬁties of these recep-
tors are not absolutely strict [17]. Taken together spinach
chloroplasts have at least two diﬀerent Toc34 import recep-
tors that are preferentially used by diﬀerent precursor pro-
teins. Remarkably though, an excess of pSSU and pFd
successfully inhibited the accumulation of mature SSU as
well as mature 37 kDa polypeptide (Fig. 1) suggesting that
the import pathways of these precursor proteins merge at a
later stage. This observation is in line with earlier competition
studies demonstrating that all precursor proteins tested so far
use the same import machinery for their complete transloca-
tion across both envelope membranes [29–31]. Even more
remarkably, the amount of bound precursor proteins, pSSU
and p37kD, increased in the presence of competitor protein
under import conditions (Fig. 1). This clearly suggests that
under these conditions not binding to the Toc receptor pro-
teins but interaction with downstream components of the im-
port machinery, most likely the Tic complex, is the rate
limiting step for which all precursor proteins compete. This
is further substantiated by the recent ﬁnding that Toc compo-
nents are present in an excess over Tic components [37].
Since two Toc34 receptors with diﬀerent substrate speciﬁci-
ties are present in Arabidopsis and spinach, it appears reason-
able to expect a similar situation also for other plants. Indeed,
our data base search identiﬁed two or even three Toc34 homo-
logs in rape seed, potato, tomato, poplar tree, maize, and
P. patens (Table 1). Though, it remains an open question
whether these Toc34 homologs also represent import receptors
with diﬀerent substrate speciﬁcities, because except of
ppToc34-2 from Physcomitrella the homologs within each
of these species are highly identical and, in addition, except
of the homologs from rape seed, O. violaceus and T. halophila
which like Arabidopsis belong to the Brassicaceae all other
homologs have comparable identity to both Arabidopsis
Toc34 receptor proteins (Table 1). However, since the exact
precursor binding site of the Toc34 receptor protein has not
been identiﬁed so far, it is unclear if the diﬀerent substrate
speciﬁcities necessarily correlate with an signiﬁcant overall dif-
ference in the sequence of the receptor proteins. Furthermore,
upon interpreting these data it has to be considered that none
of the genome projects for the diﬀerent plants has been com-pleted yet and therefore additional unidentiﬁed Toc34 homo-
logs might exist.
Remarkably, a similar database search revealed the presence
of at least three genes encoding members of the Toc159 recep-
tor family in the rice genome. Two of them, located on chro-
mosome III (AAR88596) and V (AAG48839), show higher
homology to atToc159 than to atToc132/120, while the third,
located on chromosome X (NP922621), shows higher homol-
ogy to atToc132/120. This indicates that the two subtypes
within this receptor family, Toc159 and Toc132/120, have
already developed earlier in evolution since they are present
in monocots and dicots. This is even further substantiated by
the recent identiﬁcation of an atToc132/120 homolog
(ppToc125) in the moss Physcomitrella [36].
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